ABSTRACT. The objectives of this study were to test the in vitro response of healthy non-activated, activated, and rheumatoid arthritis (RA) lymphocytes to methotrexate (MTX), and design an in vitro model for predicting the efficiency of MTX treatment for RA patients. Considering the RA profile of clonal-expanded CD4 + T cells, phytohemagglutinin-activated mononuclear cells taken from healthy donors were incubated with different concentrations of MTX. The MTX-immunosuppressive effect was tested by fluorescence intensity measurements, including PI assay and annexin V assay. For simple detection, we used the Individual Cell Scanner (IC-S), which enables the measurement of early events in individual cells. Healthy mononuclear cells (MNC), and MNC derived from RA patients, were tested by the IC-S while utilizing fluorescence polarization (FP) measurements of fluorescein diacetate (FDA) as an established marker of activation or suppression. In healthy activated MNC, we found that MTX, through its early incubation period, interferes with the activation signal obtained by PHA and exerts an apoptotic signal, which is noted by increases in the FP. Comparing our model to six long-standing RA patients and five newly-diagnosed patients revealed significant differences in the FP measurements, including fluorescence depolarization as an early established measurement of lymphocyte activation, and hyperpolarization as a measurement of an early immunosuppressive effect. We conclude that MTX, an effective therapy for RA patients, could easily be tested by fluorescence polarization measurements of FDA before (or during) clinical use in order to predict its efficiency on a specific RA patient. Moreover, the FP measurements can be used for the diagnosis, and making timing and dosage decisions.
arthritis (RA) (Weinblatt et al., 1985; Wolfe et al., 1990) . While in chemotherapy MTX doses are definitely high (up to 30 µg/m 2 ), in autoimmune diseases a low MTX dose of 7-15 mg/week was found to be effective.
It has been realized over the past decade that early diagnosis and early treatment are critical for RA patients. Moreover, an overall plateau of clinical response to MTX is reached after only six months of treatment. Therefore, enabling patients with early arthritis to access the appropriate therapy is of great importance. Additionally, because the last decade has seen many RA patients who failed to respond to the MTX drug, the availability of new options could bring more optimal care to them. Therefore, we find it necessary to predict the immunosuppressive effects of MTX.
So far, the following findings have been cited to explain MTX's immunosuppressive and anti-inflammatory properties at the cellular level: a) MTX inhibits folate-dependent enzymes via polyglutamated derivatives, which leads to anti-proliferation (Chabner et al., 1985; Sperling et al., 1990; Fairbanks et al., 1999) . The inhibition by MTX of the folate dependent enzyme 5-amino-4-imidazolecarboxamide-riboside-5'-monophosphate (AICAribotide) transformylase can lead to the intracellular accumulation of AICAribotide, as demonstrated with an in vivo model of inflammation (Cronstein et al., 1993) . b) MTX mediates the release of adenosine, which suppresses inflammation (Cronstein et al., 1991) . Subsequent studies implicated adenine nucleotides, released as a result of cellular injury or necrosis, as being the source of the extracellular adenosine, in which AICAribotide might be involved indirectly (Morabito et al., 1998) . c) Recently, it was proposed by Genestier et al. that the immunosuppressive properties of MTX relate to the induction of apoptosis, especially in activated T cells (Genestier et al., 1998; Nishioka et al., 1998) .
Surprisingly, MTX in normal in vitro mononuclear cells has received little attention. Genestier et al. were the first to demonstrate that apoptosis of activated, healthy T-cells by MTX does occur, and probably does not require the interaction between CD95 (FAS, APO-1) and its ligand. In addition, adenosine release by these cells could account for only a small part of MTX activity (Genestier et al., 1998 ). An additional single study concentrates on MTX suppressive effect in mitogen stimulated healthy T-lymphocytes, and suggests that MTX inhibits the first committed step of purine biosynthesis (Fairbanks et al., 1999) . Both of the latter reports suggest that apoptosis by MTX requires progression of activated T-cells to the S-phase of the cell cycle, as evidenced by drug or antibody interference with IL-2 synthesis or signaling pathway.
Considerable evidence suggests that the cell subpopulation T-helper 1 (Th1) plays a predominant role in RA pathogenesis. Lymphocytes obtained from RA patients produce Th1 type cytokines (Singh et al., 1999; Kusaba et al., 1998) . Cytokines produced by Th cells are of critical importance for the disease development or subsiding (Infante-Durate and Kamradt, 1999). Rudwaleit et al. report on in vivo immunosuppressive effect of MTX, manifested by a decrease in TNFα production and an increase in IL-10 production (Rudwaleit et al., 2000) , suggesting MTX involvement in a cellular regulatory mechanism relevant to the disease remission. Another study evaluates the influence of long term therapy by MTX on the general normalization of the cytokine balance (Th1/Th2) in both CD4 + and CD8 + lymphocytes (Schuerwegh et al., 2001) .
The clonal expansion of CD4 + T cells is a characteristic finding in patients with RA (Goronzy et al., 1994) . Expanded CD4 + clones are present in the blood and infiltrate into the joint, persisting for years (Waase et al., 1996; Schmidt et al., 1996) . Based on the latter report (Genestier et al., 1998) and our earlier findings, which indicated that lymphocyte activation as well as apoptosis can be monitored and measured by fluorescence polarization (FP) of FDA-labeled cells using the Individual Cell Scanner (IC-S) (Zurgil et al., 2000; Zurgil et al., 1999a; Deutsch et al., 2000a) , we designed this study to test the effects of MTX on activated lymphocytes.
Fluorescence polarization is considered to be one of the first functional cytometric parameters (Shapiro, 1995) . It was initially suggested by the Cerceks as an indicator of lymphocyte activation following the incubation of the lymphocytes with phytohemagglutinin (PHA) (Cercek and Cercek, 1977) , a finding that was later verified by others as well (Kaplan et al., 1997; Orjasaeter et al., 1979; Schnuda, 1980; Pritchard et al., 1982; Rolland et al., 1984; Sakamoto et al., 1981) .
In the present study, an in vitro model was designed to find the most suitable suppression effect of MTX on activated lymphocytes. The IC-S was used to monitor the development of the apoptotic process, following MTX administration, in an effort to establish an early event that demonstrates the MTX suppression effect. This model may help RA patients to receive the appropriate treatment, as well as to predict dosage and timing for better disease therapy.
Materials and Methods

Materials
Propidium iodide (PI), MTX, RNase, and trypan blue (TB) were obtained from Sigma (St. Louis, MO, USA). Fluorescein diacetate (FDA) was obtained from Riedle de Haen AG (Seize, Germany). Working dilutions (1.2 µM in phosphate buffered saline (PBS)) were prepared from a 25 mM stock solution in acetic acid (Frutarom, Israel) . Ficoll-Paque was obtained from Pharmacia LKB, Sweden. Dulbecco's PBS containing 1.3 mM Ca 2+ and 0.5mM Mg 2+ and RPMI 1640 were obtained from Biological Industries (Beit Haemek, Israel). Phytohaemagglutinin (PHA, Wellcome, UK) was dissolved in PBS (0.9 mg/ml) and stored at -20°C.
Cell preparation
In this study were included 11 RA patients and 18 healthy volunteers. The RA patients were diagnosed according to the ACR criteria (Arnett et al., 1988) . The RA patient group included 6 RA patients (2 males and 4 females) treated by weekly oral administration of MTX (10 mg in 2 patients and 12.5 mg in 4 patients), and 5 recently diagnosed untreated RA patients (1 male and 4 females). The average age of the patients was 61 (ranging 34-81). All healthy volunteers had no history of any chronic disorders. The research was certified and conducted at the Sheba Medical Center, Tel Hashomer, Israel, under the Helsinki regulations. The study participants gave their informed consent to donate 10 ml blood for examination.
Mononuclear cells (MNC) were isolated from healthy and RA peripheral blood using the Ficoll Paque procedure, as previously described (Kaplan et al., 1997) . Following separation, the cells were washed, twice in saline and once in PBS, and then suspended in enriched RPMI at a concentration of 1.5×10 6 cells/ml. Viability was checked by analyzing the ability to exclude TB by light microscope. PHA stimulation of MNC was performed by adding a final optimal concentration of 5 µg/ml PHA to MNC for different incubation periods and incubating at 37°C, 5% CO2.
PI assay
Following treatment, 1.5×10 6 cells/ml were washed with PBS and stained with PI at a final concentration of 1 µg/ml. Fluorescent cells were counted under a fluorescence microscope.
Annexin V assay
One million cells were washed with PBS and resuspended in binding buffer (Genzyme, Cambridge, MA). FITC-annexin V was added to a final concentration of 1 µg/ml, while PI was simultaneously introduced. After 10 min of incubation in the dark at room temperature, the cells were analyzed by flow cytometry (FACScan BD).
Determination of apoptosis by measuring cell cycle status
In order to assess cell cycle and apoptosis, 1×10 6 cells were resuspended with 70% cold ethanol. Cells were settled by centrifugation and resuspended with 1 ml lysing buffer containing 40 µg/ml RNase A. They were then stained with 100 µg/ml PI and stored in the dark at 4°C for at least 30 min before FACS analysis. A total of 20,000 events were acquired with a FACScan (Becton Dickinson). Gates for apoptotic cells appeared to the left of the G0/G1 peak.
FDA staining
Treated or untreated cells were washed 3 times with incomplete RPMI 1640 medium, which lacked phenol red but contained 10 µM HEPES buffer solution. An aliquot of 50 µl of cell suspension (1.5×10 6 ml) was added to 50 µl FDA staining solution in PBS and incubated at room temperature for 5 min. At the end of incubation, the cells were settled in their traps on the cell carrier, as previously described (Deutsch and Weinreb, 1994) , washed 3 times with fresh buffer in order to remove excess staining solution, and measured for fluorescence polarization (FP). The FP is defined as the ratio (FIII-FI+)/(FIII+FI+), where (II) and (+) correspond to the FI measured parallel and perpendicular to the excitation field vector, respectively. The more the molecule rotational movement is restricted, the higher the FP value and vice versa. The FP is dependent on intrinsic molecular variables such as fluorescence lifetime and the moment of inertia, as well as on micro-environmental parameters of the media hosting the fluorophore probe, including viscosity and temperature.
FP is a powerful and sensitive technique for the study of macromolecular interactions, conformational changes, membrane fluidity, and cytoplasmic viscosity (Zurgil et al., 1999b; Gidwani et al., 2001; Dandliker and Feigen, 1961; Levison et al., 1976; Jolley, 1996) . The IC-S is a multiparametric multilaser-based static cytometer. It enables precise repeated measurements on selected individual cells within a population under changeable physiological conditions. On-line reagent addition or changes in the experimental conditions (i.e., addition of apoptosis inducers or inhibitors, a change of buffers) can be accomplished, and dynamic changes on given individual cells are followed in real time. Principal approaches of the IC-S methodology were published elsewhere (Deutsch and Weinreb, 1994) .
IC-S apparatus
The IC-S apparatus was previously described in detail (Deutsch et al., 2000a; Sunray et al., 1999) . In short, it is a multiparametric, computerized, discrete static cytometer, which was designed, built, and upgraded in our labs. Its central feature is the cell tray (CT), a microsieve incorporating a two-dimensional trap array with 20 µm pitched holes, each having an effective opening diameter of 7 µm and about 8 µm depth, in which individual cells are placed. The CT is mounted on a computer-controlled stage that enables repeated multi-scanning of the same cells.
In the present study, cells were irradiated with 1-10 µW of 442 nm light from a He-Cd laser. Under the staining conditions used here, the sampling time for obtaining a count of 10,000 photons from each dye-loaded cell varied from 0.001 sec to approximately 0.5 sec.
The acquired data, including cell position, measurement duration for each cell, absolute time, intensity at two different wavelengths, computed polarization values, and test set-up information, are displayed on the screen, on-line, graphically and numerically, and stored in the memory. Software enables the determination of the range and other statistical characteristics of all parameters, either for the entire cell population or for an operator-selected sub-population before or during the scan.
Statistical analysis
Data, expressed as mean±SD, was analyzed by a two-tailed paired Student's t test. Differences were determined to be significant for P≤0.05.
Results
MTX induces an apoptotic effect on mitogen-activated MNC after 72 h
In order to emulate the RA MNC picture and further investigate the best potential effect of MTX on activated human MNC, the cells were incubated with PHA (5 µg/ml) for 24, 48, 72, and 96 h and then suppressed by MTX for 24 h (Fig.  1a) . MTX concentrations ranging from 0.01-10 µM were tested, reproducing the low-dose therapy currently given to RA patients. The optimal doses were found to be 0.1 µM and 1 µM. Cell death was demonstrated through the PI exclusion assay and cell viability, by the exclusion of TB. A time-dependent effect of suppression was noted with all doses of MTX (Fig. 1a) . However, 96 h of proliferation was not sufficient to exert a significant suppression effect by MTX (data not shown). A remarkably significant increase in apoptotic cells (37%) resulted from 72 h of PHA activation followed by suppression with 1 µM MTX, as compared to 20% cell death in the absence of MTX (Fig. 1a) . Moreover, testing all the doses at all examined time periods in the absence of PHA pre-stimulation indicated that MTX alone barely enhanced the apoptotic rate (Fig. 1b) . During all stimulation times, a progressive decrease in cell viability was evident, which reflects the nature of proliferated cells. The most significant decrease was noted at 72 h of PHA stimulation (Fig. 2) . This concurs with data in which 72 h of PHA stimulation followed by 1 µM MTX incubation enhanced the percentage of cell death. Ten µM MTX was found to be toxic for cell cultures (Fig. 2) .
These data indicate that MTX inhibits cell proliferation and induces effective cell death of highly activated lymphocytes. Alternatively, at short proliferation signals (24 h), MTX yields a low decrease of viable cell counts. In order to confirm our data for the apoptotic process, two other tests were executed parallel to the PI test: cell cycle analysis for the pre G1 event and the annexin V assay. The results show a pattern similar to the one described above. Incidence of apoptosis was substantially greater after pre-incubation of MNC with PHA for 72 h followed by suppression with MTX for another 24 h. The cell counts at the pre G1 state were found to be 21.7% (Fig. 3a) , as compared to cells suppressed by MTX alone, which yielded a count of 7.26% (Fig. 3b) . Cells incubated with PHA alone for 72 h yielded a count of 12.68% (Fig. 3c) .
The annexin V assay is summarized in Table I . Early and late apoptosis were measured by double staining with PI and annexinV-Fitc. As seen, a significant count of (8 ANN +17 ANN+PI ) was noted when MNC were pre-stimulated with PHA and then treated with MTX. Unstimulated MNC which were treated with MTX yielded an average percentage of events (3.5 ANN +7 ANN+PI ), which was quite similar to PHA-stimulated cells which were not treated with MTX. Completely untreated MNC exhibited the lowest percentage of apoptotic events (4 ANN +4 ANN+PI ).
The IC-S Cytometer as a tool for monitoring MNC stimulation and suppression by FP measurements
The IC-S apparatus was used to evaluate, assess, and build a new detecting and investigating model for inducing apoptosis in 72 h proliferated lymphocytes. It has previously been shown that lymphocyte activation involves early structural changes in cytoplasmic fluidity, which can easily be monitored by fluorescence depolarization of cells labeled with fluorescein diacetate (FDA) (Sunray et al., 1999; Deutsch et al., 2000b) . The more restricted the fluorescent probe mobility, the higher its FP, which is indicated by probe size, hosting media viscosity, and binding. Further studies showed that the apoptotic event can be demonstrated by the increase in fluorescence polarization (FP) of FDA (Zurgil et al., 2000) . FDA FP measurements were used in this study to further analyze the in vitro response of activated lymphocytes to MTX. Table II , which summarizes various experiments similar to the typical histogram discussed above, confirms the above data where a depolarization signal is evident following 72 h of PHA activation of normal MNC and hyperpolarization, which is maintained by MTX involvement.
Since intracellular fluorescein hyperpolarization was found to be an indicator of early apoptotic events (Zurgil et al., 2000) , the next step was to trace early signals of the suppression of activation by MTX during its first hours of incubation via the IC-S. MTX (1 µM) was added to MNC that had been activated for 72 h with PHA and immediately tested for FDA FP. FDA FP was measured during the first 3 h of MTX addition. Fig. 5 shows that the hyperpolarization signal was evident and more significant during the second hour of MTX incubation (15%), as compared to only 6.5% during the third hour, with a continuous moderate decrease over 24 h of suppression.
Polarization measurements of MNC derived from RA patients
Finally, the question arose as to the capability of the IC-S to recognize the apoptotic signal triggered by MTX in MNC obtained from RA patients (via FDA FP measurements). For this purpose, six RA patients treated with MTX (10-12.5 mg/week) were tested. All of them exhibited low FP values indicating their activation status (Table III) , a result similar to that obtained in normal PHA-activated lymphocytes. In vitro exposure of RA lymphocytes to MTX (1 µM) for 24 h yielded an increase in the FP values of the cells, meaning an apoptotic effect by MTX was noticed. Five newly-diagnosed, but not yet treated, RA patients exhibited a high FP value (average FP of 0.202) (Table III) , which was significantly depolarized in 4 of these patients by the in vitro addition of PHA and MTX. The polarization rate of the fifth patient remained the same, a pattern that will be discussed further. The in vitro exposure of these MNC to PHA alone considerably decreased their FP value, meaning that the MNC were not fully activated. Notably, the in vitro addition of MTX alone did not affect the FP value.
Discussion
The present study demonstrates that in vitro treatment of proliferated healthy human mononuclear cells with MTX yields a significant apoptotic effect, a phenomenon that was first noticed by the Genestier group (Genestier et al., 1998) . These studies provide substantial evidence of the beneficial effects of a low weekly dose of MTX in RA patients (Morgan et al., 1990; Leeb et al., 1990) who are characterized by the hyperproliferation of CD4 + cells (Goronzy et al., 1994; Waase et al., 1996; Schmidt et al., 1996) . The mechanism by which MTX stimulates suppression in RA patients is still debated (Chabner et al., 1985; Sperling et al., 1990; Fairbanks et al., 1999; Cronstein et al., 1991; Segal et al., 1989; Seitz et al., 1996; Hooper et al., 1999) . In this study, we tried to establish an early change in fluorescence polarization mediated by MTX, which indicates an apoptotic effect and could serve as a simple model to predict MTX efficiency in a specific RA patient. The PI exclusion test indicates that the more the healthy MNC are activated, the more noticeable is the suppression by MTX. In order to confirm the above observation, we checked our model with flow cytometry. We specifically identified the apoptotic cells at the pre-G1 phase of the cell cycle. Here again, the significant suppression effect of MTX was observed only when healthy MNC were activated by PHA for 72 h. The annexin V assay supports the above data in proving the fact that the apoptotic signal is more noticeable in activated lymphocytes suppressed by MTX. In the report by Genestier et al., MTX had been shown to exert an apoptotic effect after 8 h of exposure to MNC, which were then activated by different stimuli in a drug-free medium for 24 h (Genestier et al., 1998) . In our model, we contend that stimulation of lymphocytes should be first followed by suppression by MTX -a condition typically found in RA patients.
The present study reports that MTX induces, in a timedependent manner, the best apoptotic effect at 72 h for hyperblasting lymphocytes, which have been morphologically viewed under a fluorescence microscope (data not shown). This hyperblasting formation of lymphocytes has been commonly reported to be one of the features of RA patients, at various stages of the disease (Harris, 1990; Stamenkovic et al., 1988; Feigenbaum et al., 1979) .
The progressive increase in apoptotic cells after the prolonged incubation period (72 h) was noticeable mostly in MTX administration ranging from 0.1 to 1 µM MTX. This model provides evidence for the immunosuppressive activity of low dose MTX, which is clinically effective in RA patients. Moreover, this in vitro model can serve as a tool for optimizing dosage and timing of low dose MTX administration for RA patients.
In order to advance and assess our model, we utilized our past experience with the advantages of the IC-S cytometer (Zurgil et al., 2000; Zurgil et al., 1999a; Deutsch et al., 2000a; Sunray et al., 1999; Deutsch et al., 2000b) . Previous experiments with individual lymphocytes enabled the identification of lymphocyte activation by FDA fluorescence depolarization, as well as identification of early apoptotic events by FDA hyperpolarization (Cercek et al., 1978) . Based on the above, we were interested in examining our model, where effective apoptosis is achieved for lengthy lymphocyte activation. Upon examining the apoptotic signals induced after 24 h of MTX administration, in conjunction with the previously described model, an intermediate FP value was revealed, reflecting the conflicting message(s) transported to the nuclei. FP levels reflect the rotational mobility level of the fluorescent molecule. FP measurement provides insight into the nature of macromolecular interactions, ligand binding, and conformational dynamics (Carrero et al., 1996; Thevenin et al., 1994) , as well as intracellular protein processing (Weaver et al., 1997) .
MNC activated for 96 h with PHA alone yielded the previously described characteristic behavior of activated lymphocytes. MNC that were activated with PHA for 72 h and then exposed to 1 µM MTX for 24 h yielded a hyperpolarization signal typical of the apoptotic process, but atypical for PI observations where MTX alone barely enhanced the pre-G1 phase. Since PI exclusion and FDA polarization tests reflect two different properties related to the apoptotic reaction, it is assumed that the two assays should be analyzed on the basis of the stages involved in the apoptotic process. Early changes involved in the apoptotic process include cell dehydration and shrinkage, both of which were reported as having been identified by fluorescein hyperpolarization (Darzynkiewicz et al., 1997) . On the other hand, the commonly used PI assay monitors cells according to their DNA content, in addition to their size, and analyzes the late parameters of cell death (Cohen, 1993) . Based on the above, the effect of MTX administration on activated MNC was examined during the first minutes and hours of stimulation via FP measurement. The change in FDA FP is most significant during the second hour of suppression with MTX, while the third hour of suppression revealed a smaller change in FP, which decreases with time and is evident up to 24 h (Zurgil et al., 2000) .
Final experiments using MNC derived from long-standing RA patients indicate that the IC-S apparatus recognizes disease progression and predicts MTX efficiency by measuring FP. All six RA patients who were clinically identified as progressive exhibited low FP values, which correlated with the activation signal that was artificially created in our model using PHA. Moreover, in vitro addition of MTX significantly increased their FP, a pattern which characterizes the apoptotic signal. We assume that the MTX dosage (10-12.5 mg/week) clinically given to these patients has not achieved its complete efficiency and a higher dose (12.5-25 mg/week) should be considered. Interestingly, clinical data obtained from these patients did not show any significant improvement (including the patient's overall evaluation and the number of tender and swollen joints) during the period of six months following the start of treatment.
FP values obtained from diagnosed but untreated RA patients yielded a high FP value similar to that of the normal MNC, described previously in the in vitro model. The further the disease progresses, the more activated the lymphocytes become, thereby enabling possible recognition by their low FP activation value. In vitro incubation of these RA lymphocytes with PHA followed by MTX significantly decreased the FP value in four of the five patients, indicating that MTX treatment could be the appropriate treatment for those four patients. The remaining patient should consider other therapeutic options. The MNC, treated in vitro by PHA alone, show a decrease in FP, indicative of their ability to be further activated. In vitro addition of MTX alone did not affect the MNC, a phenomenon explained by the effectiveness of MTX in activated lymphocytes. Another possible explanation could be MTX's increased effectiveness after prolonged treatment (Wolfe et al., 1990; Weinblatt et al., 1985) .
This study may greatly benefit RA patients who are still undecided about pursuing MTX treatment. Our ability to trace and quickly predict MTX immunosuppression using our model should definitely be a great advantage for RA patients. In the future, we hope to focus on utilizing and adjusting this model for other DMARD (disease modifying anti-rheumatic drug) options to improve the treatment and provide optimal care for these patients.
